We report the first confirmed example of an ionic graphene salt containing boron. An anionic charge is introduced to the graphene surface by means of 7,8-nido-[C2B9H11]carborane clusters covalently and electronically bound to the graphene lattice, and this new material was isolated as its Cs + salt. 10 65 65
The ability to activate the graphene lattice to further, more complex, chemical reactions remains extremely challenging because it is highly inert to many reagents. 1 However, chemically-synthesized graphenes and chemically-treated graphene oxides offer imperfect polar surfaces and secondary 15 reactive sites capable of covalent and non-covalent chemical modification. 2 The introduction of ionic groups to the graphene lattice to generate charged graphene surfaces has an imperative in the development of new graphene materials and would allow access to new carbon materials possessing unique thermal, 20 electric, oxidative, and chemical properties. [2] [3] [4] However, all graphene-bound anions reported to date possess major limitations in terms of their electronic tunability and coordination chemistry. 2 By integrating the rich chemistry of carboranes onto the 25 graphene surface allows for an exploration of these unique, electronically tunable building blocks. 5 Whilst boron has been used for substitutional graphene doping, 6 and boronic acids have been employed to cross-link polymers in graphene oxide/polymer mixtures 7 and as 'pillars' that cross-link graphene oxide sheets, 8 30 ionic boron moieties have yet to be reported. Recently, we employed a cycloaddition reaction of 1,2-closo-[C2B10H12] clusters directly at the graphene lattice as the means for introducing a rich and versatile chemistry to the graphene surface. 9 In contrast to the hydrophobic closo-[C2B10H12], the 35 anionic nido-[B9C2H12]cluster is hydrophilic and can undergo further conversion to a variety of metallacarboranes for application in catalytic chemistry and new complex materials. 10 The boron cluster can also be appended to materials such as carbon nanotubes to afford water soluble, boron delivery agents 40 for application in boron neutron capture therapy. 11 Herein we report the covalent attachment of 1,2-closo-[C2B10H12] to a graphene surface by a direct one-step nucleophilic addition targeting the surface-bound, electrondeficient sites in synthetic graphene. We further demonstrate that 45 this neutral 1,2-closo-[C2B10H11]-graphene material is a stable and robust intermediate, which can then be transformed by a mild, one-step, and highly-selective deboronation reaction 12, 13 to afford a modified graphene surface bearing anionic 7,8-nido-[C2B9H11]clusters. 50 Key to the success of this strategy is the use of chemicallysynthesized graphene, 14 where the structural coherence between the layers is missing, closely approximating to an assembly of free graphene sheets not requiring oxidative or activating pretreatments or post-synthetic surface activation. 15 Electron- 55 deficient oxidized-carbon sites present in this graphene at the sheet edges and in the basal planes 16 offer rich targets for nucleophiles, such as those derived from carboranes. Thus, deprotonation of the slightly acidic C-H vertices of the 1,2-closo-[C2B10H12] with one equivalent of n-butyllithium in THF gives 60 principally the mono-anionic 1-lithio-1,2-closo-[C2B10H11] salt. 17, 18 This highly selective nucleophile readily intercepts the oxidized sites in the chemically-prepared graphene sheets to afford the new 1,2-closo-[C2B10H11]-graphene material, 1 (Scheme 1). Scheme 1. Addition of 1-lithio-1,2-closo-[C2B10H11] at electrophilic sites on graphene to give 1, and subsequent selective deboronation using CsF in EtOH to yield the 7,8-nido-[C2B9H11]functionalized graphene, 2 n-, isolated as its Cs + salt, Csn·2. 70 Entry to the desired boron-graphene salt decorated with anionic carborane clusters was achieved by means of a selective deboronation reaction using fluoride ion. Thus, treatment of the graphene-carborane material 1 with the Lewis base CsF in EtOH at reflux afforded the 7,8-nido-[C2B9H11] --graphene material, 2 n-, 75 isolated as its Cs + salt, Csn·2 (Scheme 1). [19] [20] [21] The solid-state 11 B{ 1 H} MAS NMR of crystalline, molecular 1,2-closo-[C2B10H12] yields solution-like NMR spectra due to the fast isotropic rotational motion of the 1,2-closo-[C2B10H12] cages ( Fig. 1b ). 22 When attached to the graphene surface in 1, the 80 reorientation dynamics are halted resulting in spectra that are significantly broadened as seen in Fig. 1a. Figs. 1c-d present the 11 B{ 1 H} NMR spectra for solid Csn·2 and the solid 7,8-nido-Cs[C2B9H12] salt, respectively. Signals at δB ~1 ppm in Fig. 1c closely match those of crystalline, molecular 7,8-nido- 85 Cs[C2B9H12] in Fig. 1d , confirming the presence of the nido-carborane cage in Csn·2. All spectra have been scaled to the same maximum intensity.
After background subtraction, an additional broad signal centered at ~10 ppm in Fig. 1c is attributed to the presence of oxidized boron, likely B2O3 which is found in borosilicate glass. 23 It is important to note that the 11 B{ 1 H} NMR peaks of the nido-10 carborane in Csn·2 are significantly broadened as compared to the sharp peaks of the crystalline 7,8-nido-Cs[C2B9H12]. The latter are expected to give such sharp features because of rapid reorientation dynamics in the solid state, as found in closocarboranes, 22 but once bound to the graphene surface, as in Csn·2, 15 this behavior is severely inhibited and, coupled with multifaceted surface-induced disorder, gives rise to significant line broadening.
Further corroboration of the integrity of the carboranefunctionalized graphenes was deduced from high-resolution 20 transmission electron microscopy (HR-TEM). HR-TEM experiments confirm that the graphene sheets stack randomly with no interplanar correlation and the large-scale extended graphene structure is preserved after the two-step process of nidocarborane cage incorporation (Figs. 2(a)-(b) and ESI Fig. S3 ). 25 Inverse fast Fourier transform (IFFT) performed on the HR-TEM images of Csn·2 revealed regions of pristine, single atom-thick graphene sheets, with a hexagonal arrangement of atoms extending over nanometer length-scales (Fig. 2b) .
The crystalline nature of the graphene surface in Csn·2 allows 30 for the relatively large, individual molecular-size cage features of approximately 1 nm to be distinguished amongst the periodic hexagonal arrangement of the graphene lattice ( Fig. 2c, ESI Fig.  S4 ). These inhomogeneous surface features are comparable in size to the 7,8-nido-[C2B9H11]cluster vertex-to-vertex distances 35 of ca. 1 nm. 24 X-ray photoelectron spectroscopy (XPS) was used to quantitatively examine the surface chemistry of 1 and Csn·2 in order to establish the amount of carborane bound to their surfaces (ESI Fig. S8 ). The elemental composition of 1 was resolved to 40 distinguish the type of boron bound to the surface (ESI Table  S1 .2). The corresponding in-depth analysis of the B 1s core line spectra confirmed The XPS data are consistent with the fact that the boron 55 detected in 1 is covalently bound to the surface of graphene, welldispersed throughout the material, and it could be readily distinguished from that of physisorbed 1,2-closo-[C2B10H12] on graphene materials prepared by simple solid-and solution-state mixing (ESI Tables S1.5 and S1.6). The atomic ratio of boron to 60 carbon obtained from the XPS data for 1 indicates that approximately one carborane cage per 30 aromatic rings of graphene is bound to the surface.
The elemental composition of Csn·2 was resolved to confirm the removal of a B-H group after cage deboronation (ESI Fig. S8 Csn·2 also indicates that quantitative loss of carborane occurred from the graphene surface during the deboronation reaction and one 7,8-nido-[C2B9H11]cluster per 100 aromatic rings of graphene remained bound to the surface.
The X-ray photoelectron core Cs 3d5/2 line of 2 (725.0 eV) 5 confirmed the presence of Cs + counter-ions 26 . This peak occurs on the higher binding energy side of salts of electronegative species (such as F, Cl, Br, I and OH) and hence is likely due to Cs + ions located near the anionic 7,8-nido-[C2B9H11]cluster on the graphene surface (ESI Table 1 
Conclusions
We have demonstrated that 1,2-closo-[C2B10H12] can be directly and covalently attached to the graphene surface by a simple onestep reaction targeting the oxidized, electron-deficient sites of chemically-synthesized graphene sheets. Deboronation of the 20 carborane cages using CsF in EtOH results in the formation of an ionic hybrid boron-graphene material Csn·2, which is suitably disposed for more complex chemical elaboration, including the possibility of controlled conversion to metallacarboranes at the graphene surface. The ability to modify the graphene lattice in 25 such a way as to incorporate hierarchically organized responsiveness is the subject of ongoing studies in our laboratories, and the outcomes will be reported in due course.
